Abstract-This letter proposes a new dynamic burst length adjustment mechanism to achieve optimal performance of fiber delay line (FDL) buffers in optical burst switching networks. Our results show that burst blocking probability at an optical node with a fixed length FDL buffer can be kept at minimum under changing traffic conditions using the proposed mechanism.
I. INTRODUCTION

O
Ptical burst switching (OBS) has been proposed as an alternative technology in future optical networks in order to better utilize a huge bandwidth offered by Dense Wavelength Division Multiplexing (DWDM) systems. Contention resolution among data bursts at an optical node, however, is a critical issue in OBS networks [1] . Burst contention inevitably occurs when more than two bursts attempt to occupy the same output wavelength at a node simultaneously. One way to avoid contention is to divert the contending burst to a fiber delay line (FDL), i.e. optical buffer, during the contending time [2] , [3] . The optical buffer can be implemented at an OBS node with a set of fiber delay lines with different length. Let B be a number of FDLs placed at an OBS node. Denote the length of the i th FDL by iD, 1 ≤ i ≤ B, where D is the basic delay unit (refer to as a granularity) of the FDLs.
It is known that the performance metrics of FDLs, such as blocking probability or buffer utilization, depends on the granularity of the FDL, the number of FDLs at a node, and the input traffic load to that node [2] , [3] . In particular, the blocking probability at a node decreases as the granularity of the FDL increases due to the higher possibility of finding an appropriate buffer length to accommodate the contending burst. Larger granularity, however, also increases the mismatch between the given FDLs and the burst contending time, which results in more unusable gap in the buffer. This gap causes an excess load to the node [2] , and as a result, the blocking probability will increase when the effect of the unusable gap becomes dominant. Due to this reason there exists an optimal value of FDL's granularity for a given traffic load which produces the lowest blocking probability (or contention) at that node.
Although one can design and implement FDLs at a node using the precalculated optimal granularity for a given traffic load, in practice however, the buffer usually is either under utilized or the contending burst is dropped due to the unavailability of the FDLs. It is because the initial granularity was designed for a certain traffic load only, and its value will become sub-optimal when the arriving traffic load to the node changes. Adapting the granularity to traffic changes means reconfiguring and upgrading FDLs at nodes during operation, which is not practical.
In this paper we propose a new way to achieve optimal FDL's performance at a node under various traffic loads without changing their granularity. The paper is organized as follow. Section II describes the burst assembly process and related parameters. In section III, we propose a new dynamic burst length adjustment mechanism as part of the burst aggregation strategy to maximize the performance of FDLs. We present and discuss simulation results using the proposed mechanism in Section IV. Finally, Section V concludes the paper.
II. BURST ASSEMBLY
The buffer performance is affected by the FDL's granularity, which is closely related to the burst length [2] determined by a burst assembly process. In this paper we consider a so-called threshold-based burst assembler [4] which regulates the burst length based on a predefined threshold value. In particular, a burst is generated and ready to send to the outgoing link by the burst assembler when its length is equal to or greater than the predefined threshold value S [bytes]. In the following, we study the characteristic of bursts formed by the thresholdbased assembler such as burst length's distribution and burst's arrival rate.
Let us assume that IP packets arriving at the burst assembler follow a Poisson process with rate λ P [packets/second], and the packet length is exponentially distributed with mean L P [second] . Denote the normalized offered load per output wavelength on the outgoing link of the burst assembler by ρ B where ρ B = λ B /µ B , where λ B [burts/second] is the rate of bursts coming out of the assembler, and µ B [burts/second] is the rate at which the burst is transmitted on the outgoing link. Since the IP packet length is exponentially distributed, the probability density function (PDF) of the burst length is also exponential but is shifted to the right by 8S/C B , where C B [bits/second] is the bandwidth of a wavelength on the outgoing link. Let L B be a random variable represents the burst length, then its PDF is given by f LB (t) = L P e −LP (t−8S/CB ) .
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Because the burst assembler is threshold-based, the burst length always consists of a fixed portion with length 8S/C B , and a variable portion which is a remainder of the last arriving packet just before the completion of the burst. Due to the memoryless property of the exponential distribution, the length of the last arriving packet's remainder (also called forward recurrence time) also follows exponential distribution with the same mean L P [6] . Thus, the average burst length is given by
Given the average burst length, the burst transmission rate on the outgoing link is then given by
The inter-arrival time between bursts is defined as the time elapses between the arrival of the first IP packet at the assembler to form a burst and that of the first IP packet after the burst is transmitted. Let I (i) P be a random variable represents the inter-arrival time between the i th and (i + 1) th input IP packets to the assembler, the burst inter-arrival time can then be expressed as a random sum of random variables,
P , where U is the random variable representing the number of IP packets in each burst.
It can be shown that U is a Poisson random variable with parameter S/(C B L P ) provided that a threshold-based burst aggregation strategy is used, and the length of input IP packets is exponentially distributed [5] . Since I (i) P random variables are independent and identically distributed (i.i.d.), the average burst inter-arrival time is given by the mean of the above random sum of random variables [7] 
Finally, the average arrival rate of bursts on the outgoing link is given by
The normalized offered load per output wavelength can then be computed from (2) and (3), and is given by
III. DYNAMIC BURST LENGTH ADJUSTMENT Previous studies on FDL buffers revealed that the buffer performance depends on the number of fiber delay lines (B), the FDL's granularity (D), input traffic load (ρ B ) and the average burst length (L = E[L B ]). In particular, the burst blocking probability (P b ) for a given buffer set with B fiber delay lines can be expressed as a multivariate function [3] 
where the parameter set {L, ρ B } are determined by (1) and (4) as in Section II.
For a given traffic load ρ B , based on (5), it is known that an optimal granularity D of FDLs exists (i.e. P b is minimum) by maximizing the buffer length to accommodate bursts during contention, and minimizing the mismatch between the contention time and available FDLs [2] . When the traffic load changes, however, the corresponding optimal granularity is different and the current FDL buffers are no longer capable of providing a minimum blocking probability unless a new set of FDLs with an appropriate granularity D = D is used instead.
We propose in this section a new dynamic burst length adjustment mechanism to achieve the optimal blocking performance in the FDLs buffer. The key idea is to utilize the burst assembly process that can dynamically adjust the burst length so that fixed FDLs buffer could operate closely to the optimal point (with minimum P b ) even under changing traffic conditions and with a pre-designed buffer granularity D.
Let the initial threshold value of the burst assembly be S(0). For a given arrival rate λ P (0) of the IP traffic, the initial normalized offered load ρ B (0) and the average burst length L(0) are calculated based on (4) and (1), respectively. The corresponding optimal granularity D opt can then be determined by substituting ρ B (0), L(0) values in (5) . Assume at time t > 0, the rate of arriving IP traffic changes to λ P (t) which is monitored by the burst assembly process. The above calculation is then repeated, and as a result the offer load and optimal granularity are also modified accordingly to ρ B (t) and D(t), respectively. In order to operate the buffer at an optimal point without replacing the existing FDLs (and its associated D opt granularity), the threshold value S(t) of the burst assembly should be altered so that the new average burst length is proportional to the ratio of granularity and is given by
where L(t) is the average burst length at time t. In other words, based on (1) the new threshold value can be expressed as
The following algorithm for the burst length adjustment mechanism is implemented in the burst assembly to generate results in Section IV.
Algorithm 1 Dynamic burst length adjustment
Require: L P , C B , B and δ > 0 1:
Set S(t), L(t) based on (7) and (1) Set λ P = λ P (t) 11: end if 
IV. PERFORMANCE EVALUATION
In this section, we will use simulation to show the effectiveness of the proposed mechanism in terms of blocking probability based on a stand-alone link in an OBS network. The following parameters are used to generate the results: the number of input/output fibers (M ) is set to 4, the number of wavelengths per fiber (W ) and number of FDLs (B) shared per fiber are either 4 or 8 as shown in Table I . The capacity per wavelength C B is 2.5 Gbps, while the initial threshold value for burst assembler is set to 100 KByte. Figure 1 shows the blocking probability of the FDL buffer together with the optimal granularity (indicated by an arrow point to the blocking probability curves) for a range of traffic loads. For example, it can be observed from Fig. 1 that when the normalized offer load into a wavelength is 0.6, the optimal granularity of FDL buffers is at 0.3 which gives the lowest blocking probability of 2.59 × 10 −4 . On the other hand, if the normalized offer load changes to 0.5, the corresponding optimal granularity is 0.5 which yields a blocking probability of 2.95 × 10 −5 . Without replacing FDLs to reflect the new granularity, however, the blocking probability will be 4.58 × 10 −5 which is almost double the achievable optimal value. This problem will be eliminated using the proposed algorithm at the burst assembler to set the new threshold value which minimize the blocking probability with the same FDL buffer.
The value of thresholds and corresponding burst lengths after adjustment under various traffic condition are shown in Table 1 . In Fig. 2 we plot the blocking probability of the FDL buffers with and without applying the burst length adjustment mechanism. The blocking probability without using any FDL buffer is also plotted in the same figure for comparison purpose. Observe that the blocking probability is significantly improved at high loads using the burst length adjustment mechanism. Note that the proposed adjustment mechanism does not require additional hardware installation, or buffers reconfiguration to achieve the optimal buffer performance under changing traffic loads. Furthermore, we show that the variation in FDL granularity is in a much smaller scale compared to that of the burst length which indicates the applicability of the proposed scheme over a large range of traffic loads.
V. CONCLUSION
In this letter, we have proposed a new mechanism for the burst assembler to minimize burst blocking probability in an OBS network with fixed length FDL buffers. We have shown that the optimal burst blocking probability is maintained over a range of traffic loads by dynamically adjusting the burst length according to the changing traffic.
